Many stimuli causing 'stress' or DNA damage in cells can produce phenotypes that overlap with telomere-based replicative senescence. In epithelial systems, the p16/RB pathway may function as a stress senescence-signaling pathway independent of telomere shortening. Overexpressing cyclin-dependent kinase 4 (Cdk4) in human epidermal keratinocytes and human mammary epithelial cells not only prevents the p16
Introduction
The telomere hypothesis postulates that the progressive shortening of the ends of chromosomes (telomeres) in the absence of telomerase is the mitotic clock that regulate the onset of replicative senescence in normal somatic cells (Harley et al., 1990 Harley, 1991) . As a result of the end replication problem and processing events, telomeres in normal proliferative somatic cells shorten until a critical length is reached, which then signals cells to exit from the cell cycle. One prominent hypothesis is that a sufficiently short telomere produces a DNA damage signal that induces growth arrest. Both p53 and p16/RB pathways have been implicated in this growth arrest as a consequence of telomere shortening. This same basic cell cycle checkpoint machinery mediates many other stress responses, such as the growth arrest following oxidative stress (von Zglinicki et al., 1995; Chen et al., 1998; Dumont et al., 2000) and other DNA damaging agents (Robles and Adami, 1998) . The involvement of common final checkpoint pathways creates the potential for confusing normal stress-related checkpoint responses with replicative aging.
Replicative cell cycle arrest has been variably termed mortality stage 1 (M1), the Hayflick limit, or cellular senescence. When bypassed (e.g., by viral transformation or by mutations in the p53 or p16/RB pathway) cells continue to divide with further decreases in telomere length until a second checkpoint occurs, termed mortality stage 2 (M2) or crisis. During crisis (M2), cell growth and death are in balance. Rarely (B1 in 10 7 ) cells escape crisis by reactivating or upregulating endogenous telomerase. This, in turn, stabilizes telomere length and allow cells to acquire unlimited replicative capacity (e.g., immortality). The bypass to crisis can also occur by a telomerase-independent mechanism involving recombination (Optiz et al., 2001; Reddel, 2001) called alternative lengthening of telomeres (ALT).
The model of mortality stages (M1 and M2) limiting the replicative capacity of normal somatic cells was first described in fibroblasts Shay et al., 1994) . Since then, numerous attempts to verify a similar pattern of growth and checkpoint arrest for epithelial cells have been pursued. Most epithelial cells, propagated in standard cultured conditions, undergo a growth arrest early in their lifespan, well before telomeres become short enough to elicit a telomere-dependent response. Since this premature growth arrest cannot be explained in terms of telomere shortening, several groups have proposed that a telomere-independent process involving the p16/RB pathway prevents cells from proliferating beyond 10-20 doublings, and that immortalization requires the inactivation of two different mechanisms: a p16/RB pathway and telomere shortening (Kiyono et al., 1998; Jarrard et al., 1999; Dickson et al., 2000; Farwell et al., 2000; Jones et al., 2000) . The premature growth arrest in human mammary epithelial cells (HMECs) has been called self-selection or mortality stage 0 (M0). Escape from this growth arrest usually occurs by methylation of p16
INK4a .
We previously reported that the premature growth arrest in both epidermal keratinocytes and HMECs is caused by stress or DNA damage inflicted by inadequate in vitro culture conditions (Ramirez et al., 2001; Herbert et al., 2002) , and this premature growth arrest is associated with upregulation of the cyclin-dependent Figure 1 Overexpression of Cdk4 in both keratinocytes and HMECs induces an increase in p16
INK4a levels and extends the lifespan beyond M1. (a) Western blot of control uninfected keratinocytes cultured in the presence or absence of feeder layers, and infected keratinocytes with Cdk47hTERT cultured in the absence of feeder layers. Top panel, there is an increase in p16
INK4a levels upon transfer of uninfected keratinocytes from cocultures with feeder layers to chemically defined media on plastic dishes, but this increase is significantly greater upon Cdk4 overexpression. Middle panel, p53 levels increase upon Cdk4 overexpression. Bottom panel, p21 WAF1 levels increase upon Cdk4 overexpression. (b) Western blot (p16 INK4a ) of post-M0 uninfected HMECs cultured in the absence of feeder layers, pre-M0 HMECs infected with Cdk47empty vector or hTERT cultured in the absence of feeder layers, and HMECs infected only with hTERT cultured in the presence of feeder layers. There is no expression of p16
INK4a in uninfected post-M0 HMECs, but there is a significant increase in the expression of p16
INK4a in Cdk4-overexpressing HMECs cultured in the absence of feeder layers. The levels of p16
INK4a in hTERT-infected HMECs cocultured with feeder layers remain low. (c) Western blot (p53 and p21 WAF1 ) of pre-and post-M0-uninfected HMECs cultured in the absence of feeder layers, and infected HMECs with Cdk47hTERT cultured in the absence of feeder layers. Top panel, an increase in the levels of p53 is detected upon overexpression of Cdk4. Lower panel, an increase in the levels of p21 WAF1 is detected upon overexpression of Cdk4. (d) A growth curve of the lifespan of keratinocytes: B, uninfected control cultured on plastic; ', uninfected control cultured on feeder layers; n, cells infected with Cdk4 and cultured on plastic; J, cells infected with Cdk4+ empty vector and cultured on plastic; *, cells infected with Cdk4+hTERT and cultured on plastic; *Cdk4 was introduced at PD 3; w, hTERT or an empty vector was introduced at PD 28 just as growth slowed. (e) A growth curve of the lifespan of HMECs.: }, uninfected control cultured in plastic; ', uninfected control cultured on feeder layers; n, cells infected with Cdk4 and cultured on plastic; J, cells infected with Cdk4+empty vector and cultured on plastic; *, cells infected with Cdk4+hTERT and cultured on plastic; *, Cdk4 was introduced at PD 5; w, hTERT or an empty vector was introduced at PD 15 . This factor binds to cyclindependent kinase 4 (Cdk4) and prevents its association with cyclin D, thus blocking formation of the active Cdk4/cyclin D complex (Serrano et al., 1993; Coleman et al., 1997) . We reasoned that over expressing Cdk4 would sequester p16
INK4a
, leaving free Cdk4 to interact with cyclin D and thus blocking the effects of inadequate growth conditions. We thus cultured Cdk4-overexpressing cells without feeder layers to determine the length of the life span in the absence of response to signals from the p16/RB pathway. We also evaluated whether Cdk4 overexpression interfered with the coordinated changes in cell cycle and gene expression needed to form a differentiated epidermis in organotypic cultures.
Results

Upregulation of endogenous p16
INK4a in overexpressingCdk4 cells cultured on plastic
Since p16
INK4a binds Cdk4 and prevents its interaction with cyclin D (Serrano et al., 1993; Coleman et al., 1997) , we reasoned that overexpressing Cdk4 would titer out p16
INK4a and permit ongoing cell divisions. Since cyclin D levels would continue to vary normally with cell cycle progression, we hoped that normal cell cycle regulation would occur while the effects of the p16 INK4a checkpoint pathway would be eliminated. Early passage cultures of epidermal keratinocytes and HMEC population doublings (PD) B3 and 5, respectively), initially cocultured with feeder layers, were transferred to plastic culture dishes (either in DMEM/F12 medium or in chemically defined medium) in the absence of feeder layers. An empty retroviral vector or one containing Cdk4 was introduced, and drug-resistant cells were maintained in the absence of feeder layers. No or only low levels of p16
INK4a were detected when uninfected keratinocytes and HMECs were cocultured with feeder layers (Figure 1a, b) . Upon transfer to plastic dishes in the absence of feeder layers, p16 increased only slightly upon transfer to plastic dishes (Figure 1a, c) . However, higher levels of p53 and upregulation of p21 WAF1 was seen in cells overexpressing Cdk4 (Figure 1a, c) 
Ectopic expression of Cdk4 bypasses senescence (M1)
One of the mechanisms by which p53 induces cell cycle checkpoint activity is by inducing p21 WAF1 (Dulic et al., 1994; El-Deiry et al., 1994) , which cooperates with p16
INK4a in regulating cyclin D/Cdk4 activity (Zhang et al., 1993; Li et al., 1994; Waga et al., 1994; Stein et al., 1999) . The above results, in which additional DNA damage failed to increase p53/p21 WAF1 levels, suggested that overexpressed Cdk4 might be interfering with the response to both the pRB and p53 arms of the M1 mechanism. We thus monitored the proliferative lifespan of Cdk4-overexpressing cells and compared them to controls cultured in either the absence or presence of feeder layers. Overexpression of Cdk47mock infection in epidermal keratinocytes and HMECs extended their lifespan to 82 and 70 PD, respectively, (Figure 1d , e) compared to controls (in the absence of feeder layers 13 and 16 PD; in the presence of feeder layers 36 and 37, respectively). Culturing these cells on feeder layers bypassed the premature growth arrest observed on cells cultivated on plastic substrates and permitted their immortalization by telomerase, showing that the growth arrest on feeder layers was because of telomere shortening. The cells overexpressing Cdk4 thus divided approximately 35-40 doublings beyond the point when short telomeres normally induced a growth arrest. This was not due to the activation of telomerase, since the cells remained telomerase-negative (Figure 3a , b).
Continued telomere shortening beyond senescence (M1)
Samples for telomere length (TRF) analysis were taken shortly before growth arrest for cells cultured under different in vitro conditions (Figure 4a,b) . Telomere length of uninfected keratinocytes (PD 11) on plastic was 8.5 kb, uninfected keratinocytes just prior to M1 growth arrest (PD 36) on feeders was 7.7 kb, and Cdk4-infected keratinocytes prior to growth arrest (PD 74) on plastic was 6.3 kb. Thus, keratinocytes overexpressing Cdk4 had telomeres that were 1.4 kb shorter than those normally arresting at M1. The telomere length of uninfected HMECs prior to growth arrest (PD 10, pre-M0) on plastic was 6.8 kb, post-M0 (PD 45) on plastic was 4.1 kb, uninfected HMECs prior to M1 growth arrest (PD 31) on feeders was 5.1 kb, and Cdk4-infected HMECs prior to growth arrest (PD 69) on plastic had telomeres of 4.3 kb. Importantly, the post-M0 HMECs that had lost p16 expression stopped dividing at approximately the same telomere length as those overexpressing Cdk4.
Replicative senescence (M1) and second plateau are telomere dependent
We previously reported that primary cells cocultured with feeder layers growth arrested at 36-40 PD and introduction of hTERT resulted in direct immortalization (Ramirez et al., 2001; Herbert et al., 2002) , thus 
End-to-end fusions near the second plateau stage
To determine the nature of the second growth arrest, cells were analyzed with FISH prior to their growth arrests. In all, 50% of the total 20 metaphases analyzed had end-to-end fusion of chromosomes near the second growth arrest (PD 76) (Figure 6 ), while no chromosome fusion were detected in a total of 20 metaphases analyzed in cells prior to M1 (PD 38). Thus, checkpoint arrest mechanisms in Cdk4-overexpressing cells were already bypassed resulting in only very short telomeres activating growth arrest signals.
Cdk4-overexpressing cells do support proliferative epidermis
We tested the ability of immortal cells overexpressing Cdk4+hTERT to respond to differentiating signals, for example, changes in calcium concentration. Epidermal keratinocytes expressing ectopic Cdk4+hTERT were adapted to grow on low calcium concentrations (0.07 mm) for 4 days, then shifted to increasing calcium for 2 weeks, followed by immunoblot analysis to test for the terminal differentiation marker involucrin. We observed that expression of involucrin was directly related to the calcium concentration ( Figure 7a ). We also examined the ability of these cells to form three-dimensional tissues using skin organotypic cultures. Keratinocytes overexpressing either Cdk4 or hTERT (PD 43 and 105, respectively) were layered in transwell dishes on top of dermal equivalents produced by mixing normal dermal fibroblasts (PD 40-41) with collagen I (see Methods). Organotypic cultures were fixed and paraffin embedded, and sections were immunostained for morphological characteristics with hematoxylin and eosin (Figure 7b) , and for differentiation markers including the basement membrane component collagen IV, the keratinocytes terminal differentiation protein involucrin, p16
INK4a
, and p63, a stem cell marker of keratinocytes (Figure 7b, c) .
Young epidermal keratinocytes with ectopic expression of Cdk4, hTERT, or both Cdk4+hTERT (the last data not shown), all stratified into basal and suprabasal layers, formed a collagen IV basement membrane on top of the dermal equivalent, and expressed involucrin in the upper layer of the epidermal sheet (Figure 7b ) suggesting that cells maintained their ability to differentiate and reconstruct epidermis normally. Interestingly, high levels of p16
INK4a were detected only in the basal layer of the epidermis formed by Cdk4-infected keratinocytes (Figure 7c ). This confirms that the pathway that normally represses p16
in the suprabasal cells as they differentiate (Pavey et al., 1999) is functioning, so that the cells no longer respond to the overexpressed Cdk4. High levels of Cdk4 were detected in all layers of the epidermis formed by Cdk4-expressing keratinocytes (Figure 7c ) compared to that formed by hTERT only-expressing keratinocytes in which only the basal layer showed Cdk4 expression (Figure 7c ). Importantly, p63 (a p53 homologue essential for regenerative proliferation in epithelial development) was detected exclusively at the basal layers of the epidermis formed by both Cdk4-and hTERT-infected keratinocytes (Figure 7c ). Theses results demonstrate that even though overexpression of Cdk4 induces upregulation of p16 INK4a (Figure 1a, b) and renders the p16/RB pathway unresponsive to UV irradiation (Figure 2b) , the regulatory mechanisms of differentiation remain intact (Figure 7b,c) . and staining is visualized using an anti-mouse rhodamine antibody. Middle panels show samples stained with antibodies recognizing p63 and staining is visualized using an antimouse rhodamine antibody. Bottom panels show samples stained with antibodies recognizing Cdk4 and staining is visualized by immunohistochemistry using an ABC kit Cdk4 overexpression bypasses replicative senescence RD Ramirez et al
Discussion
Mortality stage 1 (senescence) is the first telomeredependent proliferative barrier in the lifespan of normal somatic cells Shay et al., 1991b) . Numerous studies in fibroblasts have implicated the p16/RB and p53 pathways in transducing the telomere shortening signal (Hara et al., 1991; Shay et al., 1991; Noda et al., 1994; Atadja et al., 1995; Alcorta et al., 1996; Brown et al., 1997; Smogorzewska and de Lange, 2002) . Some authors have proposed that the p16/RB pathway constituted a second senescence mechanism in epithelial cells that functioned independently of telomere shortening. However, we have demonstrated that replicative senescence in both normal human epidermal keratinocytes and mammary epithelial cells was solely dependent on telomere length (Ramirez et al., 2001; Herbert et al., 2002) arguing against a telomere-independent pathway.
We examined whether sequestering p16 INK4a would prevent cells from growth arresting as a response to the stress inflicted by inadequate cell culture conditions. This would provide a convenient feeder-free method for growing various epithelial cells as long as it did not interfere with the expression of differentiated functions.
Blocking p16
INK4a in epithelial cells by overexpressing ectopic Cdk4 was able to bypass this arrest and allowed the direct immortalization of epithelial cells by telomerase while maintaining differentiating potentials. Cdk4-overexpressing keratinocytes responded to changes in calcium levels, retained the stem cell phenotype, and fully differentiated and stratified in organotypic cultures. Only cells in the mitotically active basal layer of the epidermis continued expressing high levels of endogenous p16
INK4a and the stem cell marker p63. However, once cells differentiated and migrated towards the outermost layer, both p63 and endogenous p16 INK4a were downregulated, despite the constitutive expression of ectopic Cdk4 throughout the epidermis. These results clearly demonstrate that upregulation of p16
INK4a in cells proliferating in plastic culture dishes can be downregulated when cells differentiate in an artificial dermis, in spite overexpressed Cdk4.
The overexpression of Cdk4 not only bypassed the premature growth arrest induced by inadequate culture conditions, but also extended the in vitro culture lifespan beyond telomere-dependent M1. We speculate that this result reflects the consequences of complex chronic changes responding to the overexpression of Cdk4. This overexpression induced an immediate upregulation of p16
Ink4a , presumably reflecting a feedback compensation as the free p16
Ink4a was bound by excess Cdk4. It is well known that there are many interactions between the Rb and p53 pathways (reviewed in Sherr and McCormick, 2002) , including upregulating p53 following the inactivation of Rb pathways (Bates et al., 1998) . These interactions may explain the observed upregulation of p53 and its target p21 following the introduction of Cdk4 and its consequent downregulation of the Rb pathway. The overexpression of E2F similarly induces p53, but it also induces either cell cycle arrest or apoptosis, even in diploid cells (Bates et al., 1998; Lomazzi et al., 2002; Sherr et al., 2002) . The fact that epithelial cells overexpressing Cdk4 continued to divide rapidly establishes that its effects on the Rb pathway are much more restrained than the overexpression of E2F. The action of Cdk4 is regulated at multiple levels, not only by phosphorylation by the CAK kinases but also by its required association with cyclin D. Its overexpression resulted in a modulated effect on the Rb pathway that was consistent both with cell division and normal differentiation.
In spite of the relatively normal ability of the Cdk4 overexpressing cells to divide and differentiate, they lost the ability to growth arrest in response to several DNA damage signals. UV irradiation did not checkpointarrest or produce additional increases in p53 or p21 levels, and the cells did not respond to the damage signals from too-short telomeres and continued to divide beyond M1. We also speculate that this represents an adaptation to chronically elevated p53/p21. The p53 protein is regulated at many different levels (transcription, stability, and post-transcriptional modifications at multiple sites) (reviewed in Vousden, 2002) , and it may be that several of these steps are altered following chronic upregulation that restrict its ability to respond to a new DNA damage signal. In addition, most of our knowledge about the response of cells to DNA damage (an increase in p53 levels and the induction of p21 WAF1 ) comes from studies limited to the initial events of an acute insult. Robles and Adami (1998) examined the long-term response and found that the elevation of p53 was transient and was followed by a sustained elevation of p16
INK4a
. We found a similar response in epithelial cells, in which the elevation of p53 and p21 WAF1 was brief, while the delayed elevation of p16
INK4a was sustained. An additional explanation for the ability of overexpressed Cdk4 to produce a greatly extended life span could be that 'too-short' telomeres may have induced a normal transient p53 damage signal, but the ability to maintain the checkpoint arrest due to p16 INK4a was blocked and so the cells continued to divide. A third possibility is based on the fact that both p21 WAF1 and p16
INK4a cooperate to regulate the activity of cyclin/cdk complexes. The levels of p21 WAF1 produced in response to a chronic DNA damage signal might simply be too low to block cell cycle progression in the total absence of any contribution by p16
. Wynford-Thomas (Morris et al., 2002) has recently reported that a Cdk4 mutant, R24C, was unable to cooperate with hTERT to immortalize normal human keratinocytes, and in addition resulted in the production of so much functional p53 that inactivating it was also required before the cells became immortal (Morris et al., 2002) . This apparent contradiction of our current results can be explained by the different properties of wild-type and mutant Cdk4s. Their R24C mutant retains kinase ability but has lost the ability to bind p16
. It, thus, has the ability to ignore the elevated p16
INK4a levels produced by inadequate culture conditions. Although most studies have focused on the prototypic Cdk4, epithelial cells also express Cdk6. The R24C Cdk4 , would leave the abundant p16
INK4a available for binding and sequestering Cdk6. The failure of the R24C Cdk4 mutant to cooperate with hTERT in the immortalization of keratinocytes grown under inadequate culture conditions suggests that the roles of Cdk4 and Cdk6 are not equivalent, and that both factors need to be active in order for epithelial cells to divide and/or overcome elevated p53 levels. The wild-type Cdk4 used in the present study would have sequestered p16
INK4a and permitted both Cdk4 and Cdk6 to function.
In summary, we have shown that overexpression of Cdk4 permits normal human epithelial cells to overcome the consequences of inadequate culture conditions. The ability of Cdk4 overexpressing human keratinocytes to differentiate normally demonstrates that this intervention still leaves the cells with a significant ability to regulate and withdraw from the cell cycle, in spite of losing the ability to respond to DNA damage signals. This will provide a powerful system for overcoming the many subtleties of different growth requirements that are sure to be encountered as progressively wider ranges of normal human epithelial cell types are studied.
Materials and methods
Foreskin and human mammary epithelial specimens and cell culture
Newborn human foreskins obtained following circumcision were placed in Hanks Balanced Salt Solution (Gelasco, NY, USA) with 0.4% (v/v) of an antibiotics/antimycotic solution (penicillin 10 000 IU/ml, streptomycin 10 000 mg/ml, and amphotericin B 5000 IU/ml, GIBCO) and stored at 41C for no longer than 48 h. The epidermis was enzymatically separated by incubation in 0.5% dispase for 16-18 h at 41C. Then epidermis was incubated with 0.25% trypsin at 371C for 6-8 min with shaking to dislodge basal cells from the epidermal sheet. Dislodged basal epidermal cells were treated with 250 mg/ml of trypsin inhibitor (Sigma) in the appropriate culture media. The epidermal basal cell enriched suspension was collected and filtered through a sterile nylon mesh. This suspension was then centrifuged and washed. Cells were counted in Coulter counter and primary culture was set as a coculture with feeder cells as described previously (Ramirez et al., 2001) . Subsequent subcultures were set up in the absence of feeder layers (either in DMEM/F12 medium containing 5% fetal bovine serum, KGM2 (Clonetics), or Defined K-SFM (GIBCO) followed by introduction of Cdk4, pBABE (empty vector), or hTERT.
The HMECs used for these experiments were derived from a 33-year-old patient with no history of breast cancer, history of two pregnancies, and undergoing an augmentation mamoplasty. Cells for primary culture were obtained as described previously (Stampfer et al., 1980; Gazdar et al., 1998; Hammond et al., 1984) . Primary cultures of HMECs were cocultured, as previously described (Ramirez et al., 2001) , with feeder layers in MCDB 170 media (GIBCO/Life Technologies; Gaithersburg, MD, USA) supplemented with 0.4% bovine pituitary extract (Hammond Cell Tech, Alameda, CA, USA), 10 ng/ml epidermal growth factor (GIBCO/Life Technologies; Gaithersburg, MD, USA), 5 mg/ml insulin (Sigma Biochemicals; St Louis, MO, USA), 0.5 mg/ml hydrocortisone (Sigma Biochemicals; St Louis, MO, USA), 5 mg/ml transferrin, and 50 mg/ml gentamicin (Sigma Biochemicals; St Louis, MO, USA), and 1% bovine fortified calf serum (Hyclone Laboratories, Logan, UT, USA). Subsequent subcultures were set in the absence of feeder layers (in serum-free MCDB 170 media) followed by infection with either Cdk4, pBABE (empty vector), or hTERT.
PD calculations: Following counting of cells, primary cultures were seeded and unattached cells were collected and counted the next day to determine the number of remaining attached cells, which were considered to be the number of inoculated cells in the primary culture. Then, PD were calculated as follows: n ¼ log(N H /N I )/log2, where n is the number of PD, N H is the number of cells harvested at the end of the growth period, and N I is the number of cells inoculated. On the primary culture, the initial epidermal basal-cellenriched suspension was considered to be at PD ¼ 0. Since most of the seeded cells during subsequent subcultures become attached and the calculated number of doublings (either taking or not taking into account unattached cells) was not significantly altered, the number of unattached cells was not taken into account in the calculations of PD from subsequent subcultures.
Retroviral vector construction and infection
Retroviral parent vector pSRaMSU expressing mouse Cdk4 was obtained from Charles J. Sherr (Memphis, TN, USA). Plasmid DNA was transfected into the ecotropic packaging cell line PE501, followed by infection into the amphotrophic packaging cell line PA317 (Miller and Rosman, 1989) . Selected clones generated from the amphotrophic packaging cell line were used to produce viral supernatant to infect normal human epidermal keratinocytes and HMECs.
For single infections, keratinocytes or HMECs growing in 100 mm plates in the presence of feeder layers were transferred to 100 mm plates in the absence of feeder layers at approximately 30-50% confluent the day prior to infection. On the day of infection, the medium was removed and replaced with a medium containing Cdk4-helper-free viral supernatant in the presence of 4 mg/ml of polybrene (Sigma) for 10-12 h. Cells were allowed to recover for 72 h followed by drug selection G418 (100 mg/ml for keratinocytes and 400 mg/ ml for HMECs).
For double infections, keratinocytes and HMECs were infected with a second construct to obtain the following combinations: Cdk4+pBABE (empty vector) and Cdk4+hTERT. Keratinocytes and HMECs were infected with pBABE alone or pBABE containing hTERT in the presence of polybrene (as above). Selection with 350 ng/ml of puromycin for both keratinocytes and HMECs was performed 72 h later.
UV irradiation
Infected and uninfected control cells were plated in duplicate at 5 Â 10 5 cells per 100 mm culture dish containing growth medium and incubated overnight. After two rinses with PBS, the liquid was aspirated and the cells were irradiated with 100 J/m 2 UV-B. Growth medium was added to the cells immediately after irradiation and incubated for the appropriate time points. Untreated dishes from each cell line served as a control. Following incubation, cells were harvested for protein extracts.
Telomeric repeat amplification protocol (TRAP)
Following harvesting of cells from culture, 10 5 cells were aliquoted into a DNAse-, RNAse-free 1.5 ml microfuge tube. This aliquot of cells was pelleted down by centrifugation in a tabletop centrifuge 5415D (Eppendorf) at 6000 r.p.m. for 6 min at room temperature.
Supernatant was aspirated and discarded. The remaining cell pellet was snapped frozen in liquid nitrogen and stored at À801C until analyzed by TRAP assay (Kim et al., 1994; Piatyszek et al., 1995; Wright et al., 1995) . A total of 1000 cells were used per TRAP assay. A nonradioactive and radioactive PCR-based assay was carried out using the TRAPeze telomerase detection kit (Intergen). For the nonradioactive assay, the reaction mixture was prepared using some of the reagents from the manufacture's kit: TRAP buffer, dNTP mix, and TRAP-primer mix (containing an anchored CX primer and the Internal Standard ( 32 P) primers). To this mixture, a modified TS primer (5 0 -Cy5-AATCCGTCGAGCAGAGTT) (Integrated DNA Technologies, Inc.), 20 mg ultrapure BSA (Ambion), and 2 U of Taq DNA polymerase were added. For the radioactive assay, the reaction mixture was prepared using mostly the reagents from the manufacture's kit: TRAP buffer, dNTP mix, TRAP-primer mix, and TS primer. The TS primer was end-labeled with T 4 polynucleotide kinase (10 U/ml, GIBCO BRL) and [g- 32 P]ATP (3000 Ci/mmol) and added to the reaction mixture. To this mixture, 20 mg ultrapure BSA (Ambion), and 2 U of Taq DNA polymerase were added. Following PCR, analyses of 20 ml of the TRAP reaction mixtures were performed on 10% nondenaturing acrylamide gels. These gels were fixed in 0.5 m NaCl, 50% ethanol, and 40 mm sodium acetate (pH 4.2) for 30 min and exposed, without drying, to phosphor screens overnight and visualized on a PhosphorImager using ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).
Terminal restriction fragment (TRF) assay
Keratinocytes and HMECs samples of 10 6 cells were lysed and the proteins digested in 10 mm Tris-HCl (pH 8.0), 100 mm NaCl, 100 mm EDTA (pH 8.0), 1% Triton X-100, and 2 mg/ ml proteinase K for 2 h at 551C. Proteinase K was heat inactivated at 701C for 30 min. DNA was dialyzed (Spectrum tubing) in 10 mm Tris-HCl (pH 7.5), 1 mm EDTA (pH 8.0) at 41C overnight. DNA concentration was calculated at 6 mg/10 6 diploid cells. DNA was digested to completion for 4 h at 371C with 3 U/mg of multiple restriction enzyme mix (HinfI, RsaI, MspI, CfoI, HaeIII, and AluI, Boheringer Mannheim). To verify completion of restriction digestion, 500 ng of DNA was electrophoresed on a 0.7% agarose gel and stained with ethidium bromide (0.5 mg/ml). The digested DNA was separated on a 0.7% agarose gel run for 16 h at 74 V in 1X TAE buffer (0.04 m Tris-acetate, 0.002 m EDTA, pH 7.6). The gel was denatured for 30 min in 0.5 m NaOH, 1.5 m NaCl, dried on Whatman 3MM paper under vacuum for 1 h at 501C, and neutralized for 30 min in 1.5 m NaCl, 0.5 m Tris-HCl, pH 8.0.
A probe (TTAGGG) 4 was labeled with T 4 polynucleotide kinase (GIBCO BRL) and [g-32 P]ATP (6000 Ci/mmol), and purified with QIAquick nucleotide removal kit. The gel was probed for 16 h at 421C in 5 Â SSC buffer, 5 Â Denhardt's solution, 10 mm Na 2 HPO 4 , and 1 mm Na 2 H 2 P 2 O 7 . The gel was washed at room temperature for 15 min in 2 Â SSC, then three times for 10 min each in 0.1 Â SSC, 0.1% sodium dodecyl sulfate (SDS) and exposed to phosphor screen (PhosphorImager, Molecular Dynamics, Sunnyvale, CA, USA).
Mean TRF lengths were calculated as previously described (Ouellette et al., 2000) using the program TELORUN generously provided by Calvin Harley, Rich Allsopp, and Homayoun Vaziri. Briefly, from the phosphoimager scans of gels hybridized to kinased (TTAGGG) 4 probes, a grid of 30 boxes was positioned over each lane, and the signal intensity and size (kb) corresponding to each box was determined. The mean TRF length was then calculated as the average of the weighted and unweighted means (Levy et al., 1992) . The weighted mean assumes that there is no subtelomeric contribution to TRF length, so that the signal intensity is directly proportional to the number of repeats, which entirely determines the apparent size of the TRF. The unweighted mean assumes that there can be a substantial contribution of subtelomeric DNA, so that at a given population doubling all of the telomeres have approximately the same number of repeats regardless of their apparent migration on the gel. The signal intensity is thus not adjusted for length before determining the mean. In most cases, these two approaches give only modest differences. Owing to uncertainties as to which method is more accurate, we determined both and present the average of the two values.
Protein extracts and immunoblotting
Protein extracts were prepared from logarithmically growing cells by lysis using 2% SDS in 50 mm Tris-HCl. Total protein concentration was determined using the BCA assay (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. A total of 50 mg of each sample was electrophoresed on a 12 and 15% SDS polyacrylamide gel and transferred to nitrocellulose (Amersham, Arlington Heights, IL, USA). The nitrocellulose was blocked in 5% nonfat dry milk and incubated in primary antibody p16
INK4a (Clone G175-1239) (PharMingen, San Diego, CA, USA) at 2 mg/ml; p53 (Ab-6) (Oncogene Research Products, Boston, MA, USA) at 1 mg/ml; and p21 WAF1 (Ab-1) (Oncogene Research Products, Boston, MA, USA) at 0.1 mg/ml) for 1 h at room temperature, washed with 1 Â PBS/0.1% Tween 20, and incubated with horseradish peroxidase-conjugated sheep antimouse IgG (Amersham, Arlington Heights, IL, USA) at a dilution of 1 : 3000 when p16
INK4a was the primary antibody and 1 : 5000 when p53 and p21 WAF1 were the primary antibodies. After washing, specific protein bands were detected using a chemiluminescent substrate (SuperSignal Substrate, Pierce, Rockford, IL, USA).
Organotypic culture
Epidermal keratinocytes were plated in organotypic cultures (termed skin equivalents) (Parenteau, 1994) containing a collagen type I gel and dermal fibroblasts from foreskins (strain BJ). A total of 1 Â 10 6 keratinocytes/cm 2 was seeded and allowed to attach for 4 h. The skin equivalents were immersed for 10 days, followed by stratification at the air-liquid interface for 21 days. Skin equivalents were either fixed in formalin and paraffin embedded, or paraformaldehyde-fixed and frozen in OCT compound. Samples were sectioned and stained with hematoxylin and eosin (H&E). Antibodies recognizing CDK4, p16 INK4a , involucrin, p63, and collagen type IV proteins were obtained and used according to the manufacturer's protocols (Neomarkers Inc., Fremont, CA, USA). Staining was visualized using either an antimouse rhodamine antibody (Molecular Probes, Eugene, OR, USA), or by immunohistochemistry using an ABC kit (Vectastain Elite; Vector Labs, Burlingame, CA, USA).
Metaphase spread preparation
Cell lines were incubated with colcemid (Invitrogen) for 2 h and harvested with trypsin. Cells were then treated with hypotonic KCl solution (0.075 m) for 30 min at 371C, fixed and washed three times with methanol/acetic acid (3 : 1), resuspended, and dropped onto slides. GTG-banded chromosome preparations were made using standard methods. At least 20 cells were analyzed from each culture and chromosome images were captured and analyzed.
Fluorescence in situ hybridization
Slides 1-7 days old were rehydrated in 1 Â PBS (pH 7.5) for 15 min at room temperature. Then slides were fixed in 4% formaldehyde in PBS (pH 7.5) for 2 min and washed in 1 Â PBS three times with 5 min each time. Slides were treated with pepsin solution (1 mg/ml pepsin, pH 2) at 371C for 10 min and washed twice for 2 min each time in 1 Â PBS. The slides were fixed in the formaldehyde solution for 2 min and washed again in 1 Â PBS three times. Slides were dehydrated by 2 min serial incubations in 70, 90 and 100% ethanol and then air dried. The slides were incubated with a hybridization mixture (20 ml) containing 70% formamide, 3 0 -Cy3-conjugated (CCCTAA)3 2 0 -deoxyoligonucleotide N 3 0 -P 5 0 phosphoramidate telomeric probe and FITC-conjugated centromeric probe (kindly provided by Geron Corporation, Menlo Park, CA, USA), 0.25% (w/v) blocking reagent (Roche Molecular Biochemicals), and 5% MgCl 2 in 10 mm Tris, pH 7.2 for 3 min at 781C. The slides were then incubated for 2 h at room temperature and washed twice with 70% formamide, 0.1% bovine serum albumin, and 10 mm Tris, pH 7.2. The slides were then washed twice with 0.15 m NaCl, 0.05% Tween-20, and 0.05 m Tris, dehydrated by a 2 min incubation in ethanol, air dried in the dark, mounted with Vectashield containing DAPI (Vector Laboratories), and imaged using a Zeiss Axioplan 2 microscope.
